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ll*  IPONtONlNO  MIUTBRV  BCTIVITV 


Air  Force  Aerospace  Research  Laboratory 


1  An  experimental  investigation  has  been  performed  to  evaluate  Ihc  entrainment  charier-  istics  of  linn- 
axisymmetnc  irectangularl  primary  nuzzles  for  ejector  application.  Data  arc  presented  which  show  I  lie  vari¬ 
ation  in  mass  entrainment  rales  of  various  nozzles  as  related  to  iscntropU  nozzle  exit  velocity  and  distance 
downstream  ol  Hie  nozzle  exit  The  entrained  mass  How  is  dcicijiniiied  liy  direct  nieasiirenirnt  I'csi  an  axisym- 
metnc  miuk  and  lor  rectangular  no//les  with  aspect  ratios  of  lj  10.  25.  and  50 

Most  ol  the  data  presented  t»  for  isenlropit  nuzzle  exit  Mach  numbers  between  about  0.08  and  (I  t 
Sonic  data  arc  presented  lor  Macli  numbers  up  to  about  0  52  Ai  data  are  for  nozzles e  s  ha  list  my  tnli-  qm- 
s*.x-n1  atnuisplieie 

In  .outlast  with  lesutts  obtained  lor  axisyrnmelrie  and  square  nozzles,  tile  entrainment  tales  measured 
lor  iris  produced  by  re.  langular  nozzle.  show  a  general  increase  with  increasing  Reynolds  number,  up  lu  u 
Reynold!  number  between  1 .0  and  2  0  x  10* 

The  experimental  data  show  conclusively  that  primary  air  nozzles  with  large  aspect  ratios  entrain 
.  tore  air  than  circular  or  square  nozzles  of  equal  cross-sectional  area,  with  each  nozzle  providing  its  own  "sig- 
ii-'urr"  for  macs  entrainment  rate 

The  sum.  direct  measuring  technique  is  used  for  the  measurement  of  mass  entrainment  by  a  multiple, 
alt  .huling  rectangular  orifice  lln  t'rrmixlntl  nozzle 

lln  icMilts  ol  l in's.-  experiments  indicate  tluii  tin-  Ah  ARL-dcvelopcd  liypcrililxntp  nozzle  provides 
..Is, ini  1 4tl  ix  r. >. in  greats  i  mass  entrainment  tli.ni  an  equivalent  aspect  ratio  single  nozzle,  within  len  inches 
ol  lln  nozzle  csit 

ll  o  si, own  Hut  in  Hie  similarity  region,  loi  all  single  reetjngular  nozzles  teslcd.  tile  mass  entrainment 
rate  may  lv  cspiesscil  in  terms  ol  axis  velocity  decay  by  a  single  equation  of  tile  I'nmi,  M  -  KLT 1 . 
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NOMENCLATURE 
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Cross-sectional  area.sq.  in. 

■ 

( 

1:  n  i  nnn  me  ill  coe  1 1  i cic  n  t 

;l  • 

mo 

t 

* 

rI) 

Discharge  coelticienl,  - - 

"’otheo 
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Minimum  nozzle  exit  dimension,  in. 

■ 

1 

Maximum  nozzle  exit  dimension,  in. 

i 

M 

Madi  number 

i 

in 

ni,.  +  m0.  total  jet  flow  rate,  Ib./sec 

m(> 

Nozzle  (primary)  inass  flow  rate,  ib/scc 

hi. 

Secondary  (entrained)  imiss  flow  rate.  Hi,' see 

1 

‘»v  n,o 

Entrainment  ratio 

i 

i 

m/ in 

1  +  ms/m0.  entrainment  rule 

Rcd 

Reynolds  number  based  on  d 

I 

t1 

Velocity  in  x  (axial)  direction,  ft /see 

K 

l-'oc 

Jet  centerline  velocity,  ft /see 

i 

V 

Nozzle  exit  velocity,  ft/sec 

i 

\ 

Axial  distance  from  nozzle  exit  plane,  in. 

i 

i 

X 

x'd 

V 

Cius  (air)  density.  Hi/ ft  * 

I  INTRODUCTION 


The  specific  objective  ol  the  experimental  prugram  discussed  herein  is  to  measure  the  mass  entrain¬ 
ment  of  free,  turbulent  air  jets  produced  by  single  and  multiple  nozzles  using  a  direct  measuring  technique 
7  lie  determination  of  entrainment  rates  for  these  nozzles  will  thus  provide  guidance  for  the  design  of  ejector 
thrust  augmentation  systems. 

C  ertain  properties  ot  free  jei  flows,  regardless  of  their  initial  geometry,  are  characteristic  of  the  pro- 
cesses  occurring  in  an  ejector.  The  jet  How  becomes  completely  turbulent  a  short  distance  from  the  nozzle 
t  As  a  resu  l  of  the  viscous  effects,  the  jet  becomes  partly  mixed  with  the  surrounding  fluid.  So  parts 
ol  the  surrounding  medium  are  carried  away  (entrained)  by  the  jet  so  that  the  mass  flow  within  the  jet  in¬ 
creases  m  the  downstream  direction.  Concurrently,  the  jet  spreads  and  its  velocity  decreases,  while  the  total 
momentum  remains  constant, 

in  the  ejector,  the  primary  jet  Gow  induces  flow  in  the  adjacent  stagnant  region,  lowering  the  static 
pressure,  . resulting  m  entry  of  secondary  fluid  into  the  ejector  inlet.  The  rate  of  induction  of  secondary  air 
i  e.,  tit  cnt.ainment  rate)  :s  a  function  of  the  pressure  difference  generated  in  the  region  between  the  pri¬ 
mary  jet  How  and  the  ejector  shroud,  and  consequently,  on  the  turbulent  mixing  of  the  primary  iet  flow 
with  the  ingested  air. 


Die  performance  of  an  ejector  is  influenced  by  a  number  of  variables.  These  include  the  inlet  shape 
geomctryPr,mary  ^  iniet/diffuser  arua  ratios-  diffuser  length  and  shape,  and  primary  flow  nozzle 

The  primary  .flow  nozzle  in  an  ejector. design*.,  for  cold  thrust  augmentation  (CTA)  must  similarly 
exhibit  certain  characteristics.  It  must  efficiently  produce  thrust  by  itself,  entrain  substantial  amounts  of 
secondary  air  within  a  minimum  streamwise  distance  and  as  part  of  the  ejector,  must  exhibit  minimum  energy 
dissipation  during  the  mixing  process  to  provide  maximum  thrust  augmentation.  It  is  toward  the  second 
req uirementthat  the  present  investigation  is  directed. 

Evidence  in  the  literature  indicates  that  significant  increases  in  mass  entrainment  can  be  obtained 
through  proper  design  ot  the  priinary  nozzle.  In  particular,  the  work  done  by  Trentacoste  and  Sforza 
i  Reference  1 )  showed  that  increases  in  entrainment  rates  of  10  percent  or  more  can  be  anticipated  for  a 
rectangular  slot  (L/d  _  10>,  as  compared  with  an  axisymmetric  jet.  Earlier  experimental  work  by  Tuve, 
et  ul  (Reference  2)  provided  indications  that  an  increase  in  aspect  ratio,  L/d  from  1  (square  nozzle)  to  24 
(rectangular  slot  of  area  equal  to  square  nozzle)  could  increase  the  entrainment  rate  by  as  much  as  35  percent 
(Rased  on  the  data  given  in  this  Reference,  the  Reynolds  numbers  computed  for  these  configurations  were 
in  t  it*  range.  O  f*  to  15.0  x  10* .)  In  addition.an  increase  in  entrainment  rate  for  an  axisymmetric  jet  was 
observed  hy  Ricouand  Spalding  (Reference  3)  when  the  primary  now  Reynolds  number  (based  on  nozzle 
exit  diameter)  is  less  than  2.5  x  1 0* 

In  order  to  adequately  assess  the  rate  at  which  the  secondary  air  is  entrained,  previous  work  (specifically 
will)  axisymmetric  primary  nozzles)  has  centered  on  the  determination  of  radial  velocity  profiles,  u  (y)  at  a 
number  ot  axial  locations,  x,  measured  from  the  primary  nozzle  exit.  The  axial  increase  in  the  total  mass 
flow  rate  is  a  measure  of  (he  entrainment  rate  of  the  primary  jet.  The  total  mass  flow  rate,  m,  across  any 
section  is  obtained  through  an  integration  over  the  section. 


" ,K  IV  11  ls  ,he  «as  AIMioujili  this  procedure  by  virtue  of  it*  simplicity.  is  attractive  it  suiters  from 

t< ru ertauil >  in  the  measuremeni  ol'n  u  at  larger  values  of  y  where  u  is  small  and  the  How  may  not  be  stead v 
la  the  iioikims)  nnneiric  case,  the  How  asymmetry  and  non-uniformity  make  it  necessary  to  probe  the  entire 
How  Held  to  estimate  the  mass  entrainment  The  determination  of  the  mass  entrainment  for  two  or  more 
lets  in  close  proximity  requires  a  similar  procedure. 

I  lie  non-circular  primary  jets  are  of  significance  since  it  lias  been  indicated  <  References  I  1 )  that 
increases  in  mass  entrainment  In  a  primary  nozzle  arc  obtainable  through  proper  design  of  the  n0//le 
geometry 


1  Ills  report  deals  specifically  with  the  results  of  direct  measurements  of  the  mass  entrainment  rates 
of  ' aiious  nozzles  appropriate  for  ejector  application. 

J  he  method  developed  by  kicoti  and  Spalding  ( Reference  5 1  was  Used  to  obtain  the  data  reported 
herein.  Single  axisyniinelric  and  rectangular  nozzles  < aspect  ratios  =  1 .  10,  25  and  50)  and  a  multiple 
alternating  rectangular  orilice  (liy/wmixinK)  nozzle  developed  by  the  Air  Force  Aerospace  Research  Labora¬ 
tory  tor  ( 1 A  application  were  tested  in  this  investigation. 


II  DESCRIPTION  OF  F.XPi-RIMI  NI 


A  xchcnuliv  <>!  tin-  i-vik-imicntul  apparatus  used  (Or  the  measurenkul  of  Mu-  mass  entrainment  of 
pnmao-  nozzi.s  is  slxmii  in  Figure  I.  file  method  of  measurement  involves  exhausting  a  primary  nozzle 
H.ny  into  a  chamber  us  shown.  I  lw  porous  wall  permits  the  dislrihution  ol'u  controlled  aiul  measured  amount 
ol  llt.nl  to  How  through  )t  m  a  rad.ally  inward  direction.  When  tins  secondare  Mow.  entrained  hv  the  printarv 
let  Mow.  is  ciual  to  that  « Inch  the  primary  ,et  would  entrain  when  exhausting  into  a  stationary  amhicnl 
lluul.  the  axial  pressure  gradients  in  the  How  disappear 

I  he  geometric  axes  of  the  test  nozzles  are  coincident  with  the  axisol  the  cylindrical  porous  wall. 

Wuh  the  exception  ol  the  nozzle  exit  orifice,  the  base  of  this  cylinder  is  completely  closed.  The  upper  (exit) 
end  ol  tin.- 1  yhmlriL.il  extrammenl  chamber  thus  formed  is  partially  closed  hy  an  exit  apcrtuic  which  is 
caret uh>  sized  so  us  not  to  interfere  with  the  jet  or  secondary  flow  in  the  chamber 

The  llow  area  between  the  porous  wall  and  the  outer  cylinder  is  specified  so  as  to  provide  an  initial 
velocity  at  the  entrance  to  this  annulus  ot  5  It, 'see  at  maximum  flow.  The  axial  pressure  variation  in  the 

oulei  chamber  is  thus  minimized  and  indeed,  the  maximum  axial  pressure  differential  measured  is  0.20  in 
ol  water. 


,0  ai'hlcvc  a  r’rcv'lllc  differential  of  about  0.25  psi  across  the  porous  wall  (to  ensure  uniform  now 
through  the  porous  walll  at  maximum  secondary  llow.  a  flow  resistance  of  about  100  ray!s(  1 1  is  required 
Uased  on  work  performed  previously  by  the  author  in  (Reference  4  i.  two  layers  of  dacron  crepe  fabric  pro- 

vide  a  tlow  resistance  ol  tins  magnitude,  where  the  radial  velocity  through  the  porous  wall  is  limited  to  about 
1  It/sec. 


Direct  reading  calibrated  flowrate*  were  used  to  measure  the  primary  and  secondary  air  flow  rates. 
I  tessure  transducers  and  thermocouples  were  used  in  conjunction  with  the  flow  meters  to  correct  the  read¬ 
ings  to  standard  conditions. 


I  ik  axial  Pressure  difference  measured  is  that  across  the  exit  aperture  with  respect  to  atmospheric 
Pressure .  A  Kistler  3 1 41.)  differential  servo  pressure  transducer  was  used  to  sense  this  quantity.  It  is  worth 
noting  that  this  sensing  system  must  be  capable  of  resolving  pressure  differentials  of  less  than  0.001  in.  of 
water.  Significant  scatter  in  preliminary  data  was  attributed  to  a  null  shift  in  the  transducer  output  (read 
<m  the  display  of  a  digital  voltmeter)  induced  hy  vibration  and  thermal  transients.  The  problem  was  elimin¬ 
ated  by  isolating  the  transducer,  thermally  and  mechanically  Iron,  the  laboratory  environment.  The  resolution 
■  >!  the  transducer  system  was  assessed  to  be  on  the  order  of  0.0002  in.  of  water. 

1  !ll‘  pa'ss,,r"  tr',|,,Nlil'LVr  WJS  vonnected  to  the  exit  aperture  pressure  taps  through  a  manual  pressure 
“>"er.  I. is  permitted  sensing  any  one  of  several  pressure  taps  in  the  exit  aperture  plate,  providing  an 
assessment  ot  the  cireumlerential  pressure  distribution  at  the  exit  aperture.  No  pressure  differences  between 

these  taps  were  noted  during  (he  tests  The  use  of  the  scanner  also  permitted  checking  of  the  transducer 
null  output  during  a  test. 


Some  ot  the  data  scatter  recorded  in  the  preliminary  tests  could  be  attributed  to  interference  by  the 
exit  aperture  plate  with  the  axial  flow  through  the  extrainment  chamber.  Appendix  A  describes  the  tests 
performed  to  investigate  appropriate  aperture  dimensions  for  the  entrainment  tests. 

In  order  to  laciJitaie  the  reduction  ol  test  data,  a  computer  program  was  written.  Descriptions  of 
i  he  nomeiulature  and  coding  are  presented  in  Appendix  B.  along  with  examples  of  the  input/output. 


How  resistance  in  rayls,  K  -  AP/U,  where  AP  =  pressure  differential,  U  =  upstream  velocity. 
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Ill  I  XRIKIMLNI.x  HI  .SUI  TS 


Oih'  a.xisv  mmeiiic  .ind  tour  rectangular  single  nozzles  were  res  led  10  determine  (heir  entrainment 
characteristics  a-.  I  unctions  ot  id)  nozzle  exit  velocity,  Uoc  and  <h|  axial  distance,  x  measured  from  the 
nozzle  exit  plane,  fliis  constituted  the  lirst  phase  of  the  test  program,  The  axisymmetric  nozzle  diameter, 

.1  IS  0.480  inch,  and  the  aspect  ratios.  I.  d  uf  the  rectangular  nozzles  are  1 ,  10,  25,  and  50.  The  cross- 
sectional  area  ol  all  the  single  nozzles  is  0.  ]  800  sq.  in.  diagrams  of  the  nozzles  arc  shown  in  Figures  2  to 
ti.  inclusive  A  tabulation  of  the  test  conditions  is  presented  in  Table  I  The  nozzle  with  an  aspect  ratio  of 
s  «■  as  I  jIuKiitcd  hilt  not  tested  Since  the  dab  ac(|uired  for  toe  four  rectangular  nozzles  gave  an  adequate 
■i-presentation  of  the  teqmred  data 

I  he  second  phase  ot  the  lest  program  involved  testing  of  an  ATARI,  supplied  alternating  orifice 
t  liypeinmmg")  nozzle  l  Hclerencc  5)  to  assess  its  entrainment  characteristics.  The  aspect  ratio  of  each 
orifice  of  this  nozzle  is  approximately  2.3.  l.ntrainment  data  were  acquired  with  two  and  lour  orifices, 
characterized  hv  effective  aspect  ratios  ol  4.6  and  9.2,  respectively.  The  cross-sectional  area  of  each 
orifice  is  0  0562  sq.  in  A  diagram  of  the  nozzle  is  shown  in  Figure  7  and  a  tabulation  of  the  test  con¬ 
ditions  lor  this  no/./le  is  presented  in  fable  II. 

I  or  each  lest,  data  were  acquired  to  provide  information  for  the  evaluation  of  discharge  coefficients, 
i  licse  data  are  plotted  in  Tigme  8 

A.  AXISVMMFTRK  NOZ/.LT. 

Results  of  rests  with  the  axisymmetric  nozzle  are  shown  in  Figure  9.  The  mass  entrainment  ratio 
at  cadi  axial  distance  from  the  nozzle  exit  is  constant  over  the  Reynold’s  number  range  considered.  The 
data  arc  also  presented  to  show  the  axial  variation  in  entrainment  ratio  in  Figure  10.  Both  of  these  results 
arc  qualitatively  consistent  with  the  conclusions  of  Ricou  and  Spalding  (Reference  3)  for  axisymmetric 
turbulent  jets  Noting  that  the  total  mass  flow  rale  past  any  station,  x  downstream  of  the  nozzle  exit  plane¬ 
ts  the  sum  ot  the  primary  and  secondary  flows,  Ricou  originates  the  entrainment  rate,  m/m0  =  1  +  ms/ 

»>o  ami  indicates  that  the  cniiair.iuciit  rate  in  the  region  of  linear  axis  velocity  decay  (U0;U0C  -  x_l )  of 
the  axisymmetric  jet  may  be  described  by  the  equation, 

-  -<■(-) 

m„  \d/ 

v  here  in  -  total  mass  flow  -  ms  s  in0.  ms  =  secondary  mass  ilow,  m0  =  primary  mass  flow,  x  =  axial  dis¬ 
tance  i roin  invzle  exit  plane,  and  d  -  the  nozzle  exit  diameter.  Ricou  and  Spalding  cited  a  value,  C  -  0.32. 

I  lie  data  obtained  Irnm  the  present  work  are  presented  in  a  similar  manner  in  Figure  I  I .  The  slope  of  the 
data  how  n  fin  x/d,,  >  I  3  is  l  =  0  35.  I  he  disagreement  with  Reference  3  might  be  attributed  to  differences 
m  priniarv  nozzle  configuration  which  affects  initial  turbulence  levels  and  discharge  coefficients. 


Hie  data  presented  lor  ilie  minimum  axial  distance,  x/d  =  4.3  show  that  the  entrainment  in  this 
14  ,ou  is  greater  than  can  be  described  by  the  Ricou-Spalding  relationship.  Note  that  this  axial  location  is 
less  than  the  length  of  the  potential  core  for  an  axisymmetric  jet.  Data  obtained  here  can  be  compared  with 
tlu-  lesults  of  Hill  (Reference  r> )  who  has  done  the  only  definitive  investigation  of  local  entrainment  rate 
of  axisymmetric  air  jets.  Ai  an  average  distance,  x/d  =  2. 1,  Hill  obtains  a  value  of  the  entrainment  co- 
eilicicnl,  (  =  0. 1 8  I  he-  present  work  indicates  a  value,  C  =  0.22  for  the  average  slope  between  x/d  =  0  and 
x  d  -  4.3  lh is  is  m  lair  agreement  witli  the  previously  obtained  result,  and  as  discussed  above,  might  be 
dm-  to  dilfeieiices  m  initial  conditions, 
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l{  I  I  ASI’l-.rr  KATIO  NO/ZLb 

I  he  mas .  entrainment  of  the  square  (aspect  ratio  =  I  \  n„77|B  k  i  . 

lor  the  axisymmetric  nozzle.  Data  obtained  at  four  axial  distances  r  «  h3n  *Je  entrajnmem  m“ed 

boh„,i„  >mib,  „01rf  ,or  the  axjsymin5"“r  ri  z  'r  .  ',i!  p'a"c  a 

slant  at  any  axial  station  over  the  test  range  of  Reynolds  numherV  t!  ™trajnment  rat,°’  ms'mo  **  con- 
can  be  recast  to  show  the  variation  of  entrainment  r,fP  ■  ■  r  ^  The  da  a  prcsen,ed  in  Figure  12  thus 

plane,  shown  in  Figure  13.  I  he  normalizing  dimension  d  “  0  4? 'T,  °‘  T  .fr,,m  the  nozzle  exit 

b  i  nu, sion,  a  u.42  m.  is  the  width  of  the  square  nozzle  exit. 

respectively  ^  **  and  35.55  (6.25  and  ,5,0  mehes. 

•  or  the  ax, symmetric  nozzle.  ^  ^  rCasonab,-v  the  value.  C  =  0.35  obtained 

(  10  I  ASPtCT  RAI  l(J  NOZZLfc 

r.„io,  £^*££££2.  :“'he  "l!ymmrriC  “d  ■*»  »Tainmc„, 

. -  ™ *—  «*-»,  d  nr  eadl  „0IIle :  hdi  °  r£  I  y  "umber " eath 

nu,nb„^ x  “ ;aSri4  'V*  [°  !  «*«  ™«°  hr «. 

«  „l,  velocities.  U  „  2 1  )'  *•**  ,nm  *”  <*«■ 

ol  .  -  J.  and  300  ft/sec  are  plotted  for  each  axial  station,  x/d  in  Figure  15 

l)  25.1  ASPLCT  RATIO  NOZZLI: 

z  ^a'5^r^n<’ 50: 1  - — — — « 

number  range" aTtolO  x  covered  instil  dTi^'  ^  prov'dcd  1,1  FiSUre  u'  A  Reynolds 

stilts  indie, t*  iin»  ,  ,  r  ,  C  d  1,1  the  dafa  a^uired  at  x/d  values  of  73.5  and  118  These  re- 

the  Ryot  un  lr  c^  s'abouu’s  TrtT  1^°  R^no,ds  —ber  diminishes  as 

— — a^ot  :■  —  - 

* ~  -  -■*«  ■  t 

*  50  1  ASPt.CI  RATIO  NOZZLIi 

*>.  - .  As1::  rics  bv - — »*  ■* 

velocities  exceeding  500  tVsec  at  twoS.I  h  ■  0  rfd  T*  f“r  isentropic  »o«'e  exit 

,aU'  01  c,,J"8e  ,)f  e,1trainmeni  ratio  for  a  Reynolds  number  be  tern"  lo'and'l  ^xTo^ThelTe- “d” 
n^p'iTox  ,T  a'  Cadl  UXU,J  ,0Cati°n  inCrC3Se  8S  thC  n°Zzle  exil  Re>™«*  ««mber  increases  fromTbou, 

■  *  -  ~  -  « 
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I  AI  M  KNAIIM.OKII  l(  l  (IIVI'l  KMIXING)  NOZZLL 

Due  to  the  uncertainty  in  the  spreading  rate  of  the  jet  flow  generated  by  the  hy permit ing  nozzle 
utveit.gainins  with  this  nozzle  were  limited  to  tests  with  four  of  the  ten  0.|5h  x  0.30  orn.  -es.  The  central 
two  orilit.es  were  tested  first  at  one  axial  length  by  covering  all  but  these  with  a  sealing  tape.  At  the  same 
distance  from  the  nozzle  exit,  the  tape  was  removed  from  the  adjacent  orifices  to  obtain  data  for  lour 
orifices. 

Hie  tests  were  limited  also,  in  the  sense  that  only  two  axial  lengths  of  the  entrainment  chamber 
could  he  used  due  to  the  length  (5.25  in.)  of  the  nozzle  assembly. 

I  he  data  presented  in  figures  20  and  21  show  the  entrainment  ratios  measured  for  the  two  and 
lour  orifice  configurations,  respectively. 


-  »  or?  C1ntn"nmCm  ral'0S  WCa‘  measured  (or  thc  four  orifice  tests  at  the  maximum  length  tested, 
x  9.85  mch.  than  were  measured  (or  the  two-orifice  configuration  at  this  length.  It  is  concluded  that  the 
la  gest  exit  aperture  plate,  corresponding  to  an  aperture  angle  of  48°  degrees  with  respect  to  the  nozzle 
ce  iter  line,  was  inadequate  to  provide  valid  data.  The  solution  to  this  problem,  as  used  successfully  in 
Reference  3,  is  to  extend  the  entrainment  chamber,  using  a  larger  diameter  porous  cylinder  for  the  extension. 


The  data  lor  the  two-orifice  configuration  are  limited  in  extent  since  only  two  entrainment  lengths 
could  re  considered  due  to  the  limitation  imposed  by  the  nozzle  length  However,  as  will  be  discussed  sub¬ 
sequently,  the  data  are  consistent  with  the  single  nozzle  results. 


Comparison  ol  the  data  at  x  -  4.75  inch  presented  in  Figures  20  and  21  show  that  the  entrainment 
ratios  lor  the  two  and  lour  orifice  configurations  are  equal. 
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IV.  ANALYSIS  OF  RESULTS 


A  DISCUSSION  Of  DATA 

The  axial  variation  in  mass  entrainment  rale  has  been  plotted  lor  nozzle  exit  velocities,  U  .=  100, 
200.  jnd  300  ft/sec  in  Figures  22  to  24  tor  each  nozzle  considered  in  this  investigation.  Hypermixing  nozzle 
results  for  Uoc  =  1 00  ft/  sec  were  obtained  from  a  linear  extrapolation  of  the  acquired  data. 

The  results  provide  a  clear  indication  of  the  relative  entrainment  rates  of  the  single  nozzles  tested 
and  of  the  alternating  oriiice  (hypermixing;  nozzle  Of  the  single  nozzles  (all  of  which  are  of  equal  areal, 
the  nozzle  with  an  aspect  ratio  of  50  entraifrs  the  maximum  secondary  flow  in  a  minimum  distance. 

The  hypermixing  nozzle  on  the  other  hand  provides  substantially  greater  entrainment,  that  is,  67  percent 
mure  than  the  50  I  aspect  ratio  single  nozzle  at  a  distance  of  10  inches  from  the  nozzle  exit  plane.  The 
aspect  ratio  of  each  hypermixing  nozzle  orifice  is  L/d  =  2.3.  It  may  be  conjectured  that  an  increase  in  this 
aspect  ratio  would  provide  even  greater  entrainment  rates. 

The  variation  in  entrainment  late,  m/m^  as  a  function  of  aspect  ratio  determined  from  the  data  ob¬ 
tained  is  shown  in  Figure  25.  The  advantage  of  the  greater  aspect  ratio  is  emphatically  displayed,  providing 
at  least  1 0  percent  more  entrainment  than  the  square  nozzle  at  the  same  axial  distance  (x  =  1 5. 1 0  in.  >  from 
the  nozzle  exit.  (  loser  to  the  nozzle  exit  (x  =  2.06in.)  a  60  percent  increase  is  noted.  The  increase  in  en¬ 
trainment  ratio  as  the  velocity  is  increased  from  100  to  300  ft/sec  is  no  more  than  8  percem,  the  maximum 
value  attained  with  the  nozzle  of  aspect  ratio  equal  to  50. 

As  will  be  demonstrated  subsequently,  the  relationship  between  the  entrainment  rates  of  the  various 
^nozzles  are  predictable  on  the  basis  ol  their  respective  axis  velocity  decay  rates. 

“b.  data  correlation 

A  correlation  between  the  experimental  data  obtained  in  this  program  and  published  data  (Reference 
7)  for  axis  velocity  decay  for  various  jets  has  been  achieve  j  Referring  to  the  data  in  Figures  26,  27,  and  28. 
the  entrainment  rate,  M  =  m/niy  can  be  expressed  in  terms  of  axial  distance  from  the  nozzle  exit  plane, 
x  =  x/d  by  the  general  expression. 


M  =  a  x^ 


(1) 


where  a  and  q  are  to  ae  determined  Velocity  decay  data  presented  in  Figure  29  (Reference  7)  can  aiso 
be  expressed  generally  by  an  expression  of  the  form. 


=  U  =  bx 


—  n 


oc 


(2) 


for  the  faired  curves  shown  (The  points  show,,  in  Figure  29  indicate  those  values  of  x  where  entrainment 
data  were  obtained.)  Values  of  the  coefficients  a.  b  and  exponents  q,  n  derived  from  these  data  are  tabulated 
in  Table  111  The  value  ol  the  exponent,  n  is,  of  course,  -1.0  for  those  sections  of  the  velocity  decay  curves 
lying  in  the  similarity  oi  axisymmetric  decay  regions. 


Substitution  ol  the  expressions  lor  x  obtained  from  Fq  ( 2)  into  Eq  ( I )  provide  relationships  for  mass 
-ntraiiiiiieiil  rale.  M  as  ,i  luin.lmii  of  axis  velocity  U  in  the  form. 
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(3) 


M 


i  }f 


nr  M  =  K  CP 

Values  of  Hie  coefficient,  K  and  exponent.  Pare  also  presented  in  Table  III. 


(4) 


Inasmuch  as  axis  velocity  decay  data  for  nozzle  exit  aspect  ratios  of  25  and  50  are  not  available,  the 
data  for  aspect  ratios  ol  20  and  40  were  used.  The  agreement  between  the  generated  expressions  and  the 
experimental  data  is  surprisingly  good  in  the  axisymmetric  decay  region. 

Hie  correlation  was  perlonned  fi„  three  of  the  test  noz/le  exit  velocities  U  =  100  ''00  nul  100 
lyscc  hxam, nation  of  the  constants  in  Table  II  shows  that  the  variation  of  the  constants  between’ 1 00  and 
:*UO  u/scc  lor  a  grtcr.  nozzle  is  not  substantial.  An  average  value  selected  for  engineering  evaluations  should 
generally  prove  adequate  for  estimates  of  entrainment  rates. 


An  appropriate  average*  value  of  the  exponent,  P  for  the  axisymmetric,  square,  and  ! 0: 1  aspect  ratio 
nozzle  appears  to  be  -120.  Since  a  xis  velocity  decay  data  specifically  for  25 : 1  and  50: 1  aspect  ratio  nozzles 
are  not  available,  the  values  of  P  for  these  two  nozzles  must  be  considered  tentative.  Equations  for  mass 
entrainment  by  the  lormer  three  nozzles  then  may  be  written  as  follows: 

(a)  Axisymmetric  nozzle. 


(b)  Square  nozzle. 


(c)  10:1  Aspect  ratio  nozzle, 


8.7  <  x  <  31.45 


9.6  <  x  <  35.55 


4.45  <  x  <  112 


(5) 


(6) 


(7) 


Consideration  of  all  values  of  P  suggests  that  for  values  of  x  ^  100,  the  exponent  P  approach's  a 
value  of  -1 .0.  Based  on  this  assumption,  a  common  equation  for  all  rectangular  nozzles  (including  the  square) 
muy  he  written  as  follows: 


x  >  100 


(8) 
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wi-  llif  entrainment  rale  for  the  circular  nozzle  is 


x  >  iOO 


Only  'air  agreement  with  the  results  of  Ricou  and  Spalding  ( Reference  3)  is  obtained  It  should  be 
noted  that  lor  the  expression  developed  by  them,  the  values  o»  the  constants,  a  and  m  in  Eq  (3)  are  0  3">  and 

I  0  respectively .  I  Ins  p.ovidcs  values  for  K  and  I1  of  2.205  and  -1.0.  which  yield  results  that  are  in  fair  aarce- 
ment  with  the  present  study. 

Hie  sigHilicant  point  to  be  made  is  that  the  axis  velocity  decay  tor  various  nozzle  shapes  ean  be  con¬ 
sidered  to  be  a  •Signature"  for  that  noz.zle.  As  a  result.  Cot  any  given  nozzle  shape,  a  specific  sc!  of  constants 
should  be  adequate  to  describe  the  entrainment  of  the  nozzle  once  the  axis  velocity  decay,  a  relatively  easily 
measured  parameter,  is  known.  ' 

It  is  interesting  to  observe  that  the  inflection  points  in  the'dala  shown  in  Figures  26  through  28  for  the 
.ixisymmetrie.  square,  and  10: 1  aspect  ratio  nozzles  generally  coincide  with  the  corresponding  points  in  the 
asi.s  velocity  plot  in  figure  2l>. 

[he  data  tor  the  hypermixmg  nozzle  as  obtained  from  Figure  21  are  plotted  in  Figures  27  and  28  for 
isen tropic  nozzle  exit  velocities.  U0l_.  -  200  and  300  ft/sec.  The  aspect  ratio  of  each  orifice  is  2.3  and  the  data 
appear  to  be  consistent  with  the  other  measured  results.  On  the  basis  of  the  acquired  experimental  data,  the 
values  of  -he  coefficient,  a, and  exponent,  q,were  deduced  and  are  presented  in  Table  I  \  For  lack  of  axis 
velocity  decay  data,  no  expression  for  entrainment  rate  as  a  function  of  velocity  decay  can  be  derived. 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 


Ilk-  results  obtained  from  this  investigation  show  conclusively  that  primary  air  nozzles  with  large  as¬ 
pect  ratios  entrain  more  air  than  circular  or  sq  rare  nozzles  of  equal  cross-sectional  area.  The  largest  aspect 
ratio  <  50: 1 )  nozzle  tested  entrained  1 0  percer  t  more  secondary  air  than  the  equal  area  square  nozzle  at  a 
point  (5  10  inches  downstream  from  the  noz  tie  and  60  percent  more  at  a  distance  of  1  06  inches 


the  50: 


increasing  How  velocity  I  rum  100  to  100  Tt/sec  induced  an  8  percent  increase  in  entrainment  rate  for 
.  aspect  rati  >  nozzle,  A  lurtl.er  increise  in  velocity  induced  an  additional  increase,  the  maximum  value 


ol  which  was  not  determined  as  tins  was  hey  nd  the  scope  of  the  present  program 


Based  on  the  limited  axis  velocity  dal  i  available  for  non-axisymmetric  jets,  the  entrainment  rates  of 
single  nozzles  can  be  correlated  empirically  with  axis  velocity  decay,  bach  nozzle,  of  different  aspect  ratio, 
provides  its  own  “Signature”  of  mass  entrainment,  a  characteristic  of  the  axis  velocity  decay  of  that  nozzle, 
n  ertion  points  in  the  axial  mass  entrainment  data  lor  axisymmetric,  square  and  10: 1  aspect  ratio  rectangular 
nozzles  correspond  qu-tc  well  with  inflect  ion  points  in  plots  of  axis  velocity  for  these  same  nozzles. 


i  Vi  rL'S"lS  °f  1  a  kStS  Witl'  ,hc  ,xisymme,ric  nozzle  are  in  disagreemeiu  18.5  percent)  with  previously 
pu  i  is  ied  data  (Reference  3),  It  is  conceivable  that  the  upstream  turbulence  levels  for  the  present  nozzle  and 
previously  tested  nozzles  are  sufliciemly  dissimilar  to  cause  this  discrepancy. 

The  tests  with  the  alternating  orifices  (liy  permixing)  nozzle  show  that  this  nozzle  induces  the  greatest 
secondary  air  (low  ol  all  nozzles  tested:  67  percent  more  than  the  largest  aspect  ratio  (50)  nozzle  at  a  dis- 
tance  oM°  inches.  For  Cl  A  applications,  the  data  acquired  show  that  this  nozzle  is  most  appropriate  of  those 
tested.  I  he  limitation  imposed  by  the  size  of  the  experimental  facility  prevented  extensive  testing  of  this 
nozzte.  Based  on  the  results  ot  the  investigation  reported  herein,  the  following  recommendations  are  made: 


I .  hxtend  the  investigations  of  hypermixing  nozzles  for  larger  entrainment  lengths  by  extending 
the  present  entrainment  chamber  length.  Obtain  axis  velocity  decay  data  for  this  nozzle  to  pro¬ 
vide  data  for  entrainment  prediction.  As  performed  in  the  present  study.  Investigate  the  possibil¬ 
ity  of  modelling  the  flow  field  using  an  appropriate  computational  method,  (e.g.  Ref.  8.) 

2.  Obtain  entrainment  rate  data  for  a  hypermixing  nozzle  with  a  single  orifice  aspect  ratio  greater 
than  2.3. 


3  Obtain  entrainment  rule  data  tor  single  noziles  and  hypermixing  nozzles  lor  elevated  tempera¬ 
ture  primary  flow.  Acquire  entrainment  data  for  nozzles  with  aspect  ratios  greater  than  50  to 
determine  if  a  maximum  exists. 


4.  Determine  the  point  of  maximum  cntrimmenl  tor  nozzles  with  aspect  ratios  of  lu,  25.  and  50 
toi  nozzle  exit  Mach  numbers  greater  than  0.3. 

Examine  the  possibility  of  determining  the  entrainment  rates  of  other  primary  nozzle  geometries 
winch  will  satisfy  criteria  for  CTA  and  III  A  applications. 


<i.  Determine  relative  entrainment  rates  of  separate  !  and  adjacent  hypermixing  orifice  pairs. 


Investigate  the  effects  of  varying  the  hypermixing  nozzle  orifice  inclination  with  respect  to  the 
geometric  axis  of  the  nozzle.  y 
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rABLIi  1 

SINGLE  NOZZLE  TEST  CONDITIONS 


A.R.  -  Nozzle  Aspect  Ratio,  L/d 

d  -  Minimum  Nozzle  Dimension,  Inches 

*  '  Entrainment  Length,  Inches 

uoc  35  '“"tropic  Nozzle  Exit  Velocity,  ft/sec 

Re^  3  Reynolds  Number  Based  on  d. 


R«d  k  10 " 

1.99-  7  60 
148-  7.61 
2.02  -  7.52 
2.02-  7.47 
2,36-  7.10 
5.82-  72? 
2.01  -  7.25 
1.86  -  6.72 
0.61  -  2.32 
0.54-  2.29 
0-62-  2,24 
0.62-  2  25 
0.38-  U4~ 
0.34  -  2.07 
0.39-  197 
0.39-  1.41 
0.27-  0.97 
0.21-  1.60 
luoTTscT 

0.29-  0.98 


TABLE  II 

HYPERMIXING  NOZZLE  TEST  CONDITIONS 


zer.  -  No.  of  nozzle  apertures 


Wel«rin9  0fi<*c«  (21 


Flow 


Different**! 

Pressure 


Figure  l  .  Mass  Entrainment  Measuring  Device 


Figure  3.  Square  Nozzle  (Aspect  Ratio,  L/d  =  1.0) 


Rate 


Erwra'fument  Ratio 
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12  16  20 
Distance  from  Norite  Em  It. 


Figure  13.  Entrainment  Rate  of  Square  Nozzl 


«  1*0 


Dibtanre  from  Norrle  Exit,  k  ( in  ) 


Figure  22.  hntrainmenl  Ratios  of  Nozzles  U  =  100  ft/sec 


Entrainment  Ratio, 


Figure  24  hntrainmenl  Ratios  of  Nozzles  UQC  =  300  It/sec 


Nozzle  Auwct  Ratio.  L/d 


Figure  25.  Kntrainment  Rate  as  a  Function  of  Nozzle  Aspect  Ratio 
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Figure  2b.  Hntrainment  Rates  of  Nozzles  as  a  Function  of  x.  LL,,  “  100  ft/sec 
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Figure  28.  entrainment  Rates  of  Nozzles  as  a  Function  of  =  300  ft/sec 
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Figure  29.  Axis  Velocity  Decay  of  Various  Nozzles  (Ref.  7)  (Points  Shown  Are  Values  of 
x/d  Where  Entrainment  Data  Were  Obtained) 


APPENDIX  A 

PRELIMINARY  EXIT  APERTURE  TESTS 


Data  lor  velocity  hall-width  variation  as  a  function  of  distance  from  the  primary  nozzle  exit  are 
preswtt  in  the  literature  (Reference  I ).  These  data  do  not,  however,  indicate  their  degree  of  applicability 
to  rectangular  nozzle  flows  when  the  primary  jet  velocity  is  varied.  Some  of  the  scatter  in  preliminary 
data  obtained  at  the  highest  velocity  of  interest  could  be  attributed  to  interference  with  the  How  by  the 
orifice  plate.  The  exit  aperture  angle  (defined  as  the  angle  at  the  apex  of  the  cone  formed  between  the 
ex-it  aperture  diameter  and  the  nozzle  exit  diameter)  for  these  tests  was  32  degrees.  This  selection  was 
based  on  the  results  of  Ricou  and  Spalding  (Reference  3)  and  Hill  (Reference  8). 

Several  additional  aperture  plates  were  tested  with  both  the  axisymmetric  and  rectangular  nozzles  at 
an  entrainment  chamber  length,  x  =  6.25  inches,  lsentropic  nozzle  exit  velocities  up  to  340  ft/sec  were 
used  to  ensure  adequacy  of  the  measurements  over  the  entire  velocity  range. 

1 

Figures  A-l  through  A-4  show  the  results  of  preliminary  tests  which  guided  the  selection  of  apertures 
for  the  entire  test  profjam.  The  ordinate  is  the  exit  aperture  pressure  differential  (excess  pressure  in  the 
chamber  measured  with  respect  to  atmospheric  pressure)  while  the  abscissa  is  the  entrainment  ratio  (ratio 
of  air  flow  rate  through  the  porous  wallf  ms  to  the  primary  air  How  rate,  m0)  for  a  fixed  primary  How  rate. 
Each  cursfe  shown  in  a  figure  is  for  a  different  exit  aperture  an^le.  Data  are  presented  for  the  axisymmetric 
nozzle  and  the  rectangular  nozzle  with  the  greatest  aspect  ratio  (L/d  =  50). 

The  data  show  that  the  smallest  aperture  provides  the  greatest  sensitivity  of  the  pressure  differential 
to  variations  in  secondary  flow.  However,  if  the  aperture  angle  is  too  small,  an  erroneously  low  value  of  the 
entrainment  ratio  (when  the  pressure  differential  is  zero).is  obtained.  The  data  also  show  that  the  slope  of 
the  curve  for  a  given  aperture  angle  increases  with  increasing  primary  flow  velocity.  It  is  thus  concluded 
that  selection  of  an  aperture  diameter  based  on  data  acquired  at  the  maximum  primary  jet  velocity  of 
interest  is  appropriate  for  testing  at  all  lesser  velocities.  This  assumes,  of  course,  that  adequate  changes  in 
pressure  differential  are  obtained  at  the  minimum  primary  jet  velocities  tested. 

At  the  minimum  distance,  X  =  2.06  inches,  from  the  single  nozzle  exit  plane,  the  selection  of 
aperture  diameter  was  governed  by  the  maximum  dimension,  L  of  the  nozzle  exit. 

On  the  basic  of  the  above  considerations,  the  aperture  diameters  used  in  the  investigation  are  tabulated 
in  T able  A- 1 . 
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TABLE  A- 1 

EXIT  APERTURE  DIAMETERS  USED  FOR 
MASS  ENTRAINMENT  MEASUREMENT 


Exit  Aperture  Diameter  (in.) 


Primary  Nozzle 


^Distance  from  Nozzle  Exit  Plane  to  Exit  Aperture 


(in.) 

AXI 

1:1 

10:1 

25:1 

2.06 

1.94 

2  50 

3.391 

3.391 

2.50 

3.794 

3.794 

4.060 

6.25 

4.06 

5.04 

5.66 

5.04 

5.04 

5.04 

5.66 

5.66 

5.50 

5.66 

5.66 

6.687 

10.00 

8.33 

8.33 

8.33 

8.33 

8.33 

9.38 

9.38 

15.10 

12.90 

12.90 

12.90 

12.90 

11.39 

12.90 

4,75 

9.85 

, 
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Plates 


AITI.NDIX  B 
COMIMJU.K  CODING 


An  average  ut  three  test  runs  lor  each  primary  jet  velocity,  each  at  a  different  secondary  weight 
How  rate,  were  required  tor  each  data  point.  To  facilitate  the  reduction  of  the  large  amount  of  test  data, 
a  computer  program  was  written. 

The  nomenclature  and  computer  coding  are  presented  in  Table  B-l  and  figure  B- 1 .  respectively. 
An  example  ol  the  computer  Input 'Output  is  presented  in  Figure  B-2 
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TABLE  B-l 
NOMENCLATURE 
COMPUTER  CODIN(i 


INHUT  UUULNQ 

KOTO 
1*4 1  lI'SKit 
17  (MV ) 

1*42  <4»SK  i ) 

T8  (MV ) 
l*t )  ( PSH .  I 
PPL  CO 
P^P  (MV) 

•ZM  >.  Z<2fc  I 
CON 


Flowmeter  reading,  percent  of  lull  scale. 

Primary  flowmeter  gas  pressure,  psig. 

Primary  flowmeter  gas  temperature  and  stagnation  temperature,  mv. 
Secondary  flowmeter  gas  pressure.  psig. 

Secondary  flowmeter  gas  temperature,  mv. 

Nozzle  plenum  (stagnation)  pressure,  psig. 

Nozzle  Pressure  Ratio. 

Exit  aperture  pressure  differential,  mv. 

Exit  aperture  pressure  transducer  null  points,  mv. 

Secondary  flowmeter  range  factor. 


OUTPUT  CODINO 

ROTO 

P(PSIA) 

rcR  i 

(,MS(  EM) 

MP  ( MI  B  Si 
VP  (l-  I SEC) 

RE 

(I> 

P(PSIA) 

HR) 


Flowmeter  reading,  percent  of  lull  scale. 

Primary  llowmeter  gas  pressure  psia. 

Primary  flowmeter  gas  temperature,  °R. 

Primary  volumetric  How  rate  scfm. 

lb 

Primary  weight  How  rate, -  x  10. 

sec 

Isentropic  nozzle  exit  velocity,  ft/sec. 

Nozzle  Reynolds  number  based  on  d  =  0.480  in. 
Nozzle  discharge  coefficient. 

Secondary  llowmeter  gas  pressure,  psia. 
Secondary  flowmeter  gas  temperature,  °R. 


SO 


TABLh  B-l  {CONTI)) 


DPAP  iMIW) 

Exit  aperture  pressure  differential,  inches  ol  water  x  10 

MS  (MLB/S) 

Secondary  weight  tlow  rale,  ib/sec  x  I0“J. 

MS  Ml' 

Ratio  of  secondary  to  primary  weight  flow  rates. 

Ml*  +  MS 

Sum  ol  secondary  and  primary  weight  How  rates. 

TO  I  'M  D 

IMP  +  MSJ/MP 

TOT/MP/XD 

(MP  +  MSj/MP *  x/d. 

0  =  0.48 

Axisymmetric  nozzle  diameter,  d,  inches. 

X 

Length  of  entrainment  chamber,  inches. 

DO 

Exit  aperture  diameter,  inches. 

PBAR 

Atmospheric  pressure,  psia. 

THETA 

Exit  aperture  angle  referred  to  axisymmetric  nozzle. 

MS/MP  [NT 

Two-point  intercept  lor  DPAP  =  0. 
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Figure  B-l .  Data  Reduction  Coding 
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Figure  B-2.  Typical  Data  Input/Output 


